The factors controlling fluid emission dynamics at ocean margins are poorly understood. In particular, there are significant uncertainties on how fluid seepage at cold seeps may have responded to abrupt environmental changes in the geological past. This study reports on a detailed geochemical investigation of seafloor carbonate crusts sampled at cold seeps along the submerged part of the North Anatolian Fault system in the Sea of Marmara -an inland sea, which has experienced major paleo-environmental changes over the last deglaciation period. We also analyzed a series of authigenic carbonate concretions recovered from two sediment cores at the Western-High ridge, an active fluid venting area.
The ages of seafloor carbonate crusts derived from isochron U-Th dating cover the last 7 kyr, suggesting that fluid activity along the fault system remained continuous over that time interval. In the sediment cores, carbonate concretions are concentrated at the lacustrine-to-marine transition, which corresponds to the period when Mediterranean waters flowed into the Marmara Basin about 12-14 kyr ago. U-Th isotopic data indicate that most of these concretions formed later during the Holocene, around 9-10 kyr ago, a period coinciding with an important anoxic event that led to the deposition of a sapropel layer in the Sea of Marmara.
Based upon these results, we suggest that the absence of carbonate concretions in the lacustrine sediment unit indicates that dissolved sulfate concentrations in the Marmara lake pore waters during glacial time were too low to promote significant anaerobic methane oxidation, thereby preventing sedimentary carbonate authigenesis. In contrast, the progressive inflow of Mediterranean waters into the glacial Marmara lake after 15 ka provided a source of dissolved sulfate that allowed anaerobic oxidation of methane to proceed within the anoxic sediment. Importantly, the synchronism between the main phase of authigenic carbonate precipitation at the studied sites (average 9.4±1.8 ka, n=16) and the regional anoxic sapropel event support the idea that the drop in bottom water dissolved oxygen content was probably a key factor to enhance microbial activity and associated carbonate precipitation at that time. Overall, these results provide straightforward evidence that fluid emission dynamics and hydrocarbon oxidation at cold seeps can be directly related to changing environmental conditions through time.
Introduction
Since their first discovery in the Gulf of Mexico (Paull et al., 1984) , hydrocarbon-rich fluid discharges on the seafloor have been widely reported at ocean margins, typically hosting chemosynthetic communities and in association with authigenic carbonate deposits (for review see Campbell, 2006; Judd and Hovland, 2007; Sibuet and Olu, 1998) . Substantial amounts of methane and other hydrocarbons transit in cold seeps zones representing a significant component in the global carbon cycle. In these environments, the mineralization of methane-derived authigenic carbonates represents an essential sink for carbon. Despite this significance, the global factors driving fluid seepage activity at ocean margins through time remain poorly understood. In particular, there is a gap on definitive knowledge on how cold seeps may respond to large-scale environmental changes, such as those that have been induced in the recent geological past by the alternance between glacial and interglacial periods. These considerations could have major implication on our understanding of the paleobiogeochemical fluxes at ocean margins, with possible significance in the context of the foregoing climate change.
At cold seeps, authigenic carbonate precipitation is induced by anaerobic oxidation of methane (AOM) coupled to sulfate reduction at the sulfate methane transitions zone (SMTZ) Blanpied, 1980). From ~14.7 ka before present (BP), and for about 2 kyr, the marine 126 transgression accompanying the onset of the deglaciation led to the progressive reconnection 127 of the Sea of Marmara to the Mediterranean Sea (Vidal et al., 2010) . During this transition 128 episode, a thin layer of authigenic calcite was deposited from 13 to 11.5 cal kyr BP, 129 interpreted as a result of the mixing between oxic and salty Mediterranean waters and the 130 brackish (mainly anoxic) lake waters (Reichel and Halbach, 2007) . The Holocene period 131 recorded in Marmara Sea sediments is characterized by the onset of two anoxic events, 132 inferred from the presence of sapropel deposits. The first sapropel event occurred between 133 11.5 to 7 cal kyr BP, associated with a major reorganization of phytoplankton populations. 134
Late Quaternary oceanographic evolution
The second one, less prominent, took place between 4.7 and 3. 
Previous studies

143
In the Sea of Marmara, the distribution of seep sites is widespread, but mainly 144 concentrated along the fault system. Methane sources in the basin depot centers (Tekirda÷, 145
Central and Çinarcik; Fig. 1 water (Zitter et al., 2008) . The emission of brackish water at these sites was also inferred from 150 sediment pore water freshening, which disclosed that the fluids were derived from late glacial 151 lacustrine sediment sequences (Tryon et al., 2010; Zitter et al., 2008) . 152
These three deep basins are separated by two transpressional push-up structures, the 153
Western and Central highs that stand at about 600 m water depth (Fig. 1) . At the Western-154
High ridge, the active fault plumbing system provides migration pathways for deep-seated 155 fluids including thermogenic gas, oil and brines (Bourry et al. conducted at 6 different sites along the fault system (Fig. 1) . 174
At the Western-High ridge, two sediment cores (MNT-KS14 and MNT-KS27, ~660 m water 175 depth) were recovered from each of the two mound structures mentioned above, using a 10 m 176 long Kullenberg piston corer (see location in Fig. 1 (Fig. 4) , isochron ages were also determined using a more conservative theoretical end-216 member at the secular equilibrium (activity ratios = 1.0 ± 0.5). Calculated ages using this 217 theoretical end-member, though associated with larger uncertainties, were generally very 218 similar to those determined with the experimental end-member (see supplementary materials), 219 thereby providing reassuring evidence for the validity of the ages calculated with this first 220 approach. Therefore, we decided to use the isochron ages provided by our experimental end-221 member. 222 223
Results
224
Mineralogy and stable isotope geochemistry
225
The seafloor carbonate deposits correspond to crusts or fractured slabs, sometimes 226 piled up (Fig. 2) . The great majority of the crusts used in this study (n=10) are composed 227 predominantly of aragonite, occurring as acicular, isopachous and botryoidal crystals coated 228 with dark-brown Fe-Mn oxyhydroxide phases ( The stable isotopic compositions of micro-drilled carbonate samples vary between -240 45.2 to +1.5 ‰ VPDB for δ 13 C and +0.6 to +3.6 ‰ VPDB for δ 18 O ( The seafloor carbonate crusts display U-Th ages that vary from about 0.4 to 6.6 ka, 260 although most samples appear to have precipitated during the last 5 kyr (average 2.9 ± 2.1 ka, 261 n=13) (Fig. 6 ). U-Th ages determined for carbonate concretions from Western-High ridge 262 sediments cluster between ~9-10 kyr (average 9.4 ± 1.8 ka, n=16), within a global range 263 between 6.2 to 13.6 kyr. At the core sites, carbonate concretions occur within a well-defined horizon below the 357 the present-day SMTZ (Fig. 8) . Interestingly, the U-Th carbonate ages of these concretions 358 (average 9.4 ± 1.8 ka, n=16) differ from the corresponding stratigraphic ages for core MNT-359 KS14 (about 11-14 ka). Based on the sedimentation rate, the sediment depth formation of 360 these concretions can be estimated between about a few down to 40 cm below the seafloor, 361 corresponding most probably at the depth of a paleo-SMTZ. The observed frequency of U-Th 362 ages lends support to the hypothesis that they correspond to a major phase of carbonate 363 precipitation centered about 9-10 kyr ago. To some extent, the synchronicity of this carbonate 364 precipitation event is also expressed by the linear trend defined by all carbonate concretions 365 on the isochron plot in Fig. 6 . 366
There after, several possible causes that could have accounted for this carbonate 367 precipitation event in the early Holocene period will be discussed. First of all, the influence of 368 the mixing between marine Mediterranean waters and the glacial Marmara lacustrine lake, 369 which led to the precipitation of a disseminated authigenic calcite layer about 12 cal kyr BP 370 ago (Reichel and Halbach, 2007) , seem to be discarded because it almost completely occurred 371 before the main episode of authigenic carbonate precipitation (Fig. 9) . 372
Fluid flow intensity at margins has been sensitive to past sea level changes over glacial 373 and inter-glacial cycles. For instance, low sea level stand periods has increased fluids seepage 374 activity by reducing hydraulic pressure exerted by the water column and by reducing gas 375 hydrate stability flied in marine sediments (Kennett et Probably, this suggests that our inferred enhanced flux of hydrocarbons at that time was not 398 directly caused by sea level fluctuation. Interestingly, a major anoxic event related to high 399 primary productivity and biogeochemical cycles reorganization is contemporaneous with our 400 carbonate precipitation period ( Fig. 9 and 10 ). This paleo-redox change has been described 401 previously in many sediment cores all over the Marmara Sea Armijo, R., Pondard, N., Meyer, B., Ucarkus, G., de Lepinay, B.M., Malavieille, J., 496 Dominguez, S., Gutscher, M.A., Schmidt, S., Beck, C., Ça÷atay, N., Cakir, Z., Imren, C., Eris, 497 K., Natalin, B., Ozalaybey, S., Tolun, L., Lefevre, I., Seeber, L., Gasperini, L., Rangin, C., 498
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